Fe-based catalysts doped with Mo were prepared and tested in the catalytic decomposition of methane (CDM), which aims for the co-production of CO 2 -free hydrogen and tubular nanostructured carbon (NC). Catalysts performance were tested in a thermobalance operating either at isothermal or temperature programmed mode by 
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Introduction
Nanostructured carbon (NC) has attracted the attention of numerous researchers since the discovery of the carbon nanotubes (CNTs) by Iijima in 1991 [1] . CNT consist of one or more rolled graphene layers resulting in many tubular structures, differing in length, thickness, type of helicity and number of layers or walls, from single wall (SWCNTs) and double (DWCNTs) to multiwall carbon nanotubes (MWCNTs).
CNTs are typically produced by Chemical Vapor Deposition (CVD) from decomposition of various hydrocarbons (mainly CH 4 or C 2 H 2 ) or CO using as catalysts transition metals supported on different metal oxides [2] . One interesting approach to the production of such carbon nanofilaments is the so-called catalytic decomposition of methane (CDM) [3, 4] . CDM is an endothermic reaction that produces in one single step free-CO 2 hydrogen and carbon nanostructures with various textural and structural properties [5] . Co-and Ni-based catalysts are widely used in CDM due to their high activity and the formation of filamentous carbon [6] [7] [8] [9] [10] [11] . However, Ni and Co-based catalysts suffered from rapid deactivation when used at temperatures higher than ca. 650 ºC due to metal particle encapsulation by carbon [12] [13] [14] [15] [16] . Fe-based catalysts can operate at higher temperatures than Co or Ni based catalysts without suffering from deactivation, resulting in higher methane conversions due to the positive shift of the thermodynamic equilibrium. As an example, the equilibrium methane conversion at 650ºC is 71%, whereas at 800ºC increases up to 92%. Beside this, Fe based catalysts are cheaper and more environmental friendly than Co and Ni based catalysts.
Our group has recently synthesized high loaded iron oxide based catalysts with Al 2 O 3 and MgO as textural promoters (Fe/MgO and Fe/Al 2 O 3 ) [14, 15, 17, 18] . These catalysts showed methane conversion values close to equilibrium along with the production of MWCNTs and bamboo CNTs (also named as chain-like type [19] ). Iron catalysts, however, exhibited lower catalytic activity than the nickel ones [7, 14, 20] .
In order to improve Fe-based catalysts performance, several transition metals (Co, Ni, Mo, Pd, Mn and Cu) have been used as catalyst additives [6] . Bimetallic Fe-based catalysts such as Fe-Co [8, [21] [22] [23] or Fe-Mo [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] resulted in higher CNTs yield compared to undoped catalysts, besides preventing catalyst particle aggregation [35] . It is known that an increase in Mo content in bimetallic catalysts led to narrower nanotubes, i.e. less graphene layers, at the expense of carbon yield in the hydrocarbon decomposition process [27, 29, 30, 33, 34, 36] .
Stable oxides (Al 2 O 3 , MgO, SiO 2 , TiO 2 , ZrO 2 , etc.) are the supports most commonly used for NC formation by CDM in high-loaded metal catalysts [21, 37] . In Fe catalysts, the support acts like textural promoter affecting both the NC yields and the structure and morphology of the carbon nanofilaments produced [37] .
In this work, massive Fe catalyst doped with different Mo loadings were prepared using either MgO or Al 2 O 3 as textural promoters. CDM performance was evaluated firstly in a thermobalance in isothermal and ramp mode. Catalysts showing better performance were subsequently scaled up in a rotary bed reactor. NC quality, which is of utmost importance for its future application, has been determined by structural, textural and morphological characterization.
Experimental

Catalyst preparation
In order to study the NC formation in CDM reaction, the following Fe-based catalysts were prepared: Fe/Al 2 O 3 (molar ratio: 2:1) and Fe/MgO (2:1), where Fe acts as active phase in the CDM process and Al 2 O 3 and MgO as textural promoters. Fresh catalysts were synthesized by the fusion method from mixture of the respective salts and subsequent calcination in air at 450 °C during 2 hours [17] . The molar ratio of the components (2:1) was selected according to prior work conducted by our research group [15] . Catalysts were doped with Mo in different loadings: 2.5, 5, 7. 
Experimental configurations and CDM tests
The performance of the catalyst synthesized in the methane decomposition reaction was preliminarily studied in a thermobalance (CAHN TG-2151) at different operating temperatures. The evolution of the catalyst activity was recorded gravimetrically via the observed weight changes of the sample due to progressive carbon deposition as a reaction product of the CDM, as previously reported in [38] . Two temperatures modes were used: temperature programmed mode (using a heating rate of 10 ºC/min) from 400 ºC to 900 ºC and isothermal mode (at 700, 750 and 800 ºC) for 10 h. In a typical run, 10 mg of fresh catalyst was used and a methane flow rate of 1L N /min. Under these conditions, maximum carbon deposition and subsequent deactivation of the catalyst is assured [6, 36, 37] . Prior to CDM tests, fresh catalyst was reduced using a heating ramp of 10 ºC/min from room temperature to 750 ºC with a H 2 flow rate of 1 L N /h and then maintained at this temperature until complete reduction of catalyst.
A rotary bed reactor (RBR) set-up consisted of a cylindrical drum made of Kanthal rotating around its horizontal axis was used to evaluate at higher scale magnitude the best catalysts synthesized. The diameter and length of the cylinder were 0.065 and 0.80 m, respectively, and the rotational speed can be varied from 1 to 20 rpm. Additional details of the experimental apparatus can be found elsewhere [39] . Prior to CDM tests, fresh catalysts were subjected to a reduction treatment using a heating ramp of 10 ºC/min from room temperature to 750 ºC with a H 2 flow rate of 70 L N /h and then maintained at this temperature for 1 h. Next, CDM reaction temperature was set at 750 °C. The feed consisted of pure methane (99.99%) adjusted to a weight hourly space velocity (WHSV, defined here as the methane flow rate at normal conditions per gram of catalyst initially loaded) of 1,5 L N /(h·g cat ). The composition of the outlet gas was determined by micro GC (Varian CP4900) equipped with two packed columns and a Thermal conductivity detector (TCD). The carbon produced was directly measured by weight difference, corresponding satisfactorily with the mass of carbon expected from the mass balance within an error of less than 5%. Methane conversion was calculated from the eq. (1), where %H 2 is the H 2 content in the outlet gases expressed as a volume percentage.
An estimation of carbon accumulated, g C , during CDM reaction in RBR was determined from the methane conversion evolution by the equation:
where α is the standard molar volume, M C is the atomic weight of carbon, is the methane flow rate fed to the reactor, and t is the total run time.
Carbon content is expressed as the carbon deposited with respect the amount of active phase in the catalysts: Fe or Fe + Mo (when Mo is present in the catalyst formulation).
Characterization techniques
The catalysts were characterized by X-ray diffraction (XRD) and temperatureprogrammed reduction (TPR), while the NC quality obtained in CDM tests was determined using structural (XRD), textural (N 2 adsorption) and morphology characterization (SEM and TEM).
XRD patterns of fresh catalysts and obtained NC were acquired in a Bruker D8
Advance Series 2 diffractometer. The angle range scanned was 10º-80º using a counting step of 0.05º and a counting time per step of 3 s. A suitable sample holder with a very low noise level was used, allowing for pattern acquisitions from a small amount of sample with high resolution. The powder XRD patterns were further processed using the accompanying DIFRAC PLUS EVA 8.0 to obtain refined structural parameters of crystal domain sizes of iron (metal, oxide or carbide) and deposited carbon through the application of Rietveld methods. The interlayer spacing, d 002 , the mean crystallite size along c axis, Lc, and graphitization degree, g, are used in this study to assess the degree of structural order of the materials [40] . The mean interlayer spacing, d 002 , was evaluated from the position of the (002) peak applying Bragg's equation [41] . The mean crystallite size, Lc, was calculated from the (002) peak using the Scherrer formula, with a values of K = 0.9 [41] . The graphitization degree, g, was calculated from the Mering and Maire equation (validity range: 0.3354 ≤ d 002 ≤ 0.3440 nm) [37, 42] .
The reducibility of the fresh catalysts was studied by TPR. The respective reduction profiles were obtained in an AutoChem Analyzer II 2920 (Micromeritics) provided with a TCD from a sample amount of 10 mg and using a heat rate of 5 ºC/min within a temperature range from room temperature to 1050 ºC under a flow rate of 50 ml/min of a H 2 (10%)/Ar mixture.
The textural properties of the deposited carbon were measured by N 2 adsorption at 77 K in a Micromeritics ASAP2020 apparatus. The specific surface areas and pore volumes were calculated by applying the BET method to the respective N 2 adsorption isotherms.
The morphological appearance of the deposited carbon was studied with a scanning electron microscope (Hitachi S-3400) coupled to a Si/Li detector for energy dispersive X-ray (EDX) analysis, and a transmission electron microscope (Tecnai F30), equipped with a cannon of 300 KeV, EDX / EELS analyzers and a maximum resolution of 1,5 Å.
Results and Discussion
Fresh catalysts characterization
XRD diffraction patterns of the fresh catalysts for different MoO 3 loading ranging from 0 to 10% and textural promoters, namely Al 2 O 3 and MgO, are shown in Figure 1a and 1b, respectively. In both cases, undoped catalysts showed typical reflexions assigned to The study of the reducibility of the fresh catalysts carried out by TPR is shown in Figure 2 . The TPR profiles of FeMo (0) [48] .
In both cases, Mo doping shifted the reduction peaks toward higher temperatures, indicating that it promoted a decrease in the reducibility of catalysts. This fact can be ascribed to a stronger metal particles and textural promoter interaction, probably due to the small size of metal particles, as indicated in the XRD discussion.
XRD of catalysts reduced at 750 ºC are shown in Figure 3 a 
Thermogravimetric analysis of Fe-based catalysts
Temperature-ramp tests
As previously commented, CDM reaction was studied by monitoring the mass gained as the temperature was increased from 500 ºC to 900 ºC with a heating rate of 10 ºC·min For both textural promoters used, Mo addition improved catalyst performance as compared to the undoped catalysts, as previously reported [27, 29, 30, 33, 34, 36] . This 
Isothermal tests
CDM was carried out in isothermal mode at three different temperatures, namely 700, 750 and 800 ºC. In both cases, Mo addition improved significantly the catalyst performance, indicated by the higher ultimate carbon accumulation, (UCA), i.e., the amount of carbon accumulated until deactivation occurred. It was observed that temperature did not affect catalyst performance on non-doped catalysts, whereas it had a great impact on the Mo doped catalysts. For both catalyst tested, tests carried out a 700 ºC resulted in a relative slow initial carbon deposition rate, as revealed the curve slopes. At 800 ºC, TGA curves were characterized by a sharp increase in the amount of carbon accumulated in the initial stage of the reaction followed by a rapid deactivation after ca. Figure 6 shows the diffractograms of the catalysts after isothermal tests at 750 ºC. Table 2 . Thus, Fe crystal domain size diminished in all cases as compared to the fresh reduced catalysts. This can be attributed to a fragmentation of Fe particles after the initial stage of carbon filaments formation [37] . It is known that the eutectic mixture of Mo and Fe, and their carbides, has a lower melting point which would favor the diffusion of dissolved carbon during formation of carbon nanofilaments [43] . The presence of Fe 3 C, Mo 2 C and active Fe particles in the spent catalysts, as shown in Figure 6 , supports the carbide cycle mechanism [37] : Fe 3 C is formed by methane decomposition on the free surface fragment of the catalytic particle. Since Fe 3 C is metastable under certain conditions, it is decomposed to form graphitized carbon in form of filamentous carbon and α-Fe, the latter being active to hydrocarbons decomposition. Thus, the presence of α-Fe and Fe 3 C in the catalytic particle is necessary for oriented carbon growth. Finally, deactivation may be due to the fragmentary dispersion of Fe particles, which is accompanied by encapsulation of residual particles by growing carbon nanofilament. This fact is in agreement with a reduction Fe crystal size as compared to the reduced catalysts shown in Table 2 , as discussed above.
Characterization of spent catalysts
SEM study shown in Figure 7 provides more insight about the morphological differences of the carbon deposited on the different catalysts used, which clearly appeared as nanofilaments emerging from Fe-Mo particles. Al 2 O 3 catalysts (Figures 7a and 7b) led to more homogeneous filaments and higher aspect ratio than those produced with MgO catalysts (Figures 7c and 7d) . Mo doping affects the final appearance of the NC depending on the textural promoter: Al 2 O 3 spent catalysts exhibited no significant topographic differences influenced by Mo doping (Figure 7b ), whereas MgO Mo-doped catalysts improved the formation of carbon nanofilaments with a higher aspect ratio (Figure 7d ).
Product quality is determined as a function of textural and structural parameters of NC.
Surface area of products (NC + catalyst) depends on the extent of CDM reaction as seen in Table 2 . Mo addition enhanced carbon formation resulting in a spent catalyst with larger surface area values (118-123 m 2 /g for FeMo(7.5)/Al 2 O 3 and FeMo(7.5)/MgO, respectively), than the analogous spent undoped catalysts (82-35 m 2 /g), larger pore volumes and lower pore sizes. The high graphitic nature of nanofilaments is reflected by the structural parameter of graphitic carbon (see Table 2 ) such as the graphitization degree, g, the interplanar distance, d 002 , or crystallite size, L c , which are close to those of graphite.
Scaling-up in a rotary bed reactor installation
In this section, the scaling up of the CDM using the Mo doped catalysts selected in previous section was carried out using a RBR. This set up has been previously used as an alternative to other types of moving bed reactors (fluidized bed) and to study of Feand Ni-based catalysts in CDM [14, 39] ). Therefore, TB at isothermal mode represents a valuable tool for rapid testing of catalysts, although RBR is needed in order to obtain larger NC productions. However, the ultimate mass gained per gram of metal (Fe + Mo) by these catalysts is lower due to less forced operation: TB works at much higher WHSV to exhaust catalyst activity until its deactivation as compared to RBR. for the bamboo type that presented internal nodes that disrupt the hollow core. Bamboo nanotubes appeared after the segregation of catalytic particles evidencing the high fluidity of Fe particles during carbon nanofilaments growth. Metal particle segregation accounts for the formation of bamboo nanotubes [37] . Regarding carbon quality, structural and textural parameters were similar to carbons obtained in TB, characterized by having high graphitic order and slightly low surface areas.
Nanostructured carbon characterization
Conclusions
On the basis of the results described above, we concluded as follows:
• Ramp mode thermobalance was stated as a reliable tool for rapid catalysts screening in the CDM reaction. Catalyst performances were evaluated in carbon formation terms where optimum catalyst formulation and its operation temperature range can be easily determined.
• Carbon formation by CDM started from 500 ºC and accelerate between 650 and 700 °C for iron catalysts due to the formation of metastable Fe 3 C, resulting in carbon growth. Maximum CFRs were obtained at temperatures in the range of 700-900 °C depending on textural promoter used.
• Mo addition enhanced carbon formation showing different optimum contents depending on the catalyst promoter used. This was attributed to a different metal/support interaction, as TPR study revealed. Mo doping favored the dispersion of small Fe 2 O 3 particles in the fresh catalyst, which in subsequent stages of reduction and CDM reaction were converted to Fe and Fe 3 C, favoring the carbon diffusion into the catalyst particle during the carbon nanofilament growth.
• Fe-Mo catalysts formed carbon nanofilaments, mainly MWCNTs and bamboo nanotubes with high grade of graphitization and interesting textural properties.
During CDM, the fragmentation of the active metal particles took place leading to bamboo structures and the deactivation by encapsulation. Morphological differences as a function of the textural promoters used resulted in different diameter distribution in tubular carbon nanostructures.
• A pilot-scale plant with a rotary bed reactor is shown as an efficient and scalable set-up for free-CO 2 hydrogen production and carbon nanofilaments, obtaining high methane conversions (70%) and formation of MWCNTs (8 g NC /h). 
